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pull the Ci/Cos2 complex away from other components phosphorylation states of Cos2, Fu, and Smo as well as
of the proteolytic processing machinery. The finding by Su(fu). Maximal activity can be elicited by removal of
Ruel et al. (2003) that Ci was largely absent from Smo Su(fu), and clearly membrane recruitment of the Cos2
and Cos2 complexes in Hh-stimulated cells is consistent complex by Smo is not sufficient to alleviate Su(fu) sup-
with the former, whereas the opposite result (Ci accumu- pression of Ci activity. What Su(fu) does to limit Ci activ-
lating in Smo/Cos2 complexes in response to Hh stimu- ity, and how Smo regulates this function of Su(fu) are
lation) presented by Lum et al. (2003) is consistent with questions that remain for future work.
the latter. These differences, and others, between the Another important question that remains to be fully
papers seems to indicate that the complexes formed answered is how Hh binding its receptor leads to the
by these proteins are quite dynamic, and that a more initial activation of Smo. The changes in protein complex
detailed understanding of who is binding to whom, and formation, localization, and phosphorylation appear to
when and where, is necessary to understand how the shed light on the effector pathway downstream of acti-
association of Smo with Cos2 promotes the stabilization vation, but say less about the upstream part of the acti-
of Ci. vation process. While these recent papers are a great
Does the recruitment of the Cos2 complex to the step forward in our understanding of the role of Smo in
plasma membrane by Smo constitute the role of Smo Hh signaling, they also point out that Smo still has some
in transmitting the Hh signal? Apparently, only partially. secrets that remain to be revealed.
Jiang and coworkers (Jia et al., 2003) found that they
could induce stabilization of Ci and the expression of
Russell T. Collins and Stephen M. Cohenthe low-threshold target gene dpp by expressing the
European Molecular Biology Laboratorycytoplasmic tail of Smo at the plasma membrane. This
Meyerhofstrasse 1generated the same level of activity as can be obtained
69117 Heidelbergby preventing Ci cleavage. But stabilization of Ci is only
Germanypart of the story. It is only sufficient for the induction of
low-threshold responses, and the expression of high-
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the nucleus. Interestingly, Jiang’s group found that ex- 3087.
pression of the Smo cytoplasmic tail, even at very high Jia, J., Tong, C., and Jiang, J. (2003). Genes Dev. 17, 2709–2719.
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threshold genes en and ptc. However, when the same J., Weis-Garcia, F., Gong, R., Wang, B., and Beachy, P.A. (2003).
construct was expressed in wing discs lacking Su(fu), Mol. Cell 12, 1261–1274.
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the translocation of Smo to the plasma membrane is Ruel, L., Rodriguez, R., Gallet, A., Lavenant-Staccini, L., and The-
necessary for the transduction of the Hh signal, it ap- rond, P.P. (2003). Nat. Cell Biol. 5, 907–913.
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Asymmetric distributions of auxin (termed auxin max-Auxin Transport:
ima) have been described to overlay developmental gra-The Fountain of Life in Plants? dients in roots (Casimiro et al., 2001; Sabatini et al.,
1999), leading to suggestions that auxin may act like a
plant equivalent of animal morphogen and confer pat-
terning information in a concentration threshold-depen-
dent manner (Friml, 2003; Bhalerao and Bennett, 2003).
Nevertheless, it was unclear whether auxin maxima areThe signaling molecule auxin is intimately associated
common to all plant organogenic events and even morewith morphogenic processes in plants but how it influ-
importantly, how auxin influences pattern formation. Re-ences pattern formation has been unclear. Recent
cent studies (Friml et al., 2003; Benkova´ et al., 2003;studies by Friml et al. (2003), Benkova´ et al. (2003), and
Reinhardt et al., 2003) have provided new answers toReinhardt et al. (2003) have elegantly illustrated that
how auxin plays a key patterning function during embry-auxin transport plays a key role during embryonic,
onic, root, and shoot organogenic processes, respec-root, and shoot organogenic processes, respectively.
tively.
The initial formation of auxin maxima appears to be
Genetic and pharmacological lines of evidence suggest common to all plant organogenic events and precedes
that auxin is intimately associated with pattern formation cell specification. Friml et al. (2003) and Benkova´ et al.
(2003) used an auxin-responsive reporter, DR5rev::GFP,in plants (Friml, 2003; Bhalerao and Bennett, 2003).
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and anti-auxin antibodies to monitor shifts in auxin re-
sponse and distribution in a range of plant tissues, re-
spectively. Friml et al. (2003) observed dynamic changes
in auxin distribution in the developing embryo coincident
with the initial specification of the apical cell (Figure
1A), then hypophysis (Figure 1B), and later initiation of
cotyledon poles (Figure 1C). Similarly, Benkova´ et al.
(2003), in the November 26 issue of Cell, illustrated an
association between the formation of an auxin maxima
and postembryonic organogenic processes such as ini-
tiation of lateral root (Figure 1D), vegetative (Figure 1E),
and reproductive meristems.
What evidence is there that the auxin maxima perform
a patterning function? For example, Friml et al. (2003)
elegantly demonstrate that blocking the formation of
the auxin maxima during embryogenesis using either
mutational or pharmacological approaches disrupts key
patterning processes such as the specification of the
apical cell and its derivatives (Figure 1A). Conversely,
Reinhardt et al. (2003) demonstrate that ectopic addition
of exogenous auxin is able to restore leaf and floral
meristem formation in aerial tissues that are unable to
pattern their endogenous auxin.
How do plants pattern such auxin maxima? The three
new studies (Friml et al., 2003; Benkova´ et al. 2003;
Reinhardt et al., 2003) conclusively demonstrate that
auxin transport plays a key role in the mobilization of
auxin during embryonic, root, and shoot organogenic
processes, respectively. Auxin is mobilized in plants us-
ing specialized transport components composed of in-
flux and efflux carriers. In the model plant Arabidopsis,
influx and efflux carriers are encoded by small gene
families composed of four AUX/LAX genes (Parry et al.,
Figure 1. Distribution of Auxin in Developing Embryo, Lateral Root,2001) and eight PIN genes (Friml, 2003), respectively.
and Shoot TissuesFriml et al. (2003) demonstrated that the initial auxin-
(A) Auxin accumulation (green) in apical cell derivatives at the 8-celldependent specification of the apical cell (Figure 1A)
embryo stage.
relied on the efflux activity of the PIN7 gene product (B) Auxin accumulation (green) in basal cell derivatives at the 32-cell
localized on the apical face of the basal cell. At the later embryo stage.
globular stage (Figure 1B), the auxin flux is reversed (C) Auxin accumulation (green) in cotyledon and root poles at the
triangular embryo stage.following retargeting of PIN1 and PIN7 proteins to the
(D) Fountain model illustrating movement of auxin from central rootbasal faces of provascular and basal cells, respectively.
vascular tissues to the lateral root apex, and then exiting via outerThe PIN-dependent creation of a new auxin maximum
root epidermal cells.in the uppermost basal cell derivative (Figure 1B) results
(E) Reverse fountain model illustrating movement of auxin via outer
in the specification of the hypophysis, a key step in the epidermal cells to the new incipient leaf primordia I1, then exiting
initiation of the primary root meristem. through underlying vascular tissues.
Benkova´ et al. (2003) observed that efflux carrier activ- (D) and (E) are adapted from Benkova´ et al. (2003).
Auxin transporting tissues are highlighted in purple, and blue arrowsity was also required during lateral root initiation. A func-
indicate the direction of auxin flow (D and E); plant cells accumulat-tional PIN1-GFP fusion was used to visualize dynamic
ing maximal auxin are highlighted in green (A–E).changes in PIN1 localization during lateral root develop-
ment. Importantly, the authors demonstrated that PIN1
localization closely correlated with spatial changes in
L1 layer of the SAM. The PIN1 protein was targeted tothe lateral root auxin response, consistent with the func-
the apical side of L1 cells facing toward the I1, excepttional importance of the efflux carrier to this develop-
for L1 cells higher up the summit of the SAM, whichmental program (Casimiro et al., 2001). Nevertheless,
targeted PIN1 to their basal side. Colocalization studiesthe pin1 mutant, like mutations in other PIN genes, ex-
revealed that AUX1 targeting partially overlapped withhibited a limited lateral root defect. However, a detailed
PIN1 in L1 cells, leading to the proposal that PIN1 pro-analysis of multiple pin mutant combinations demon-
vides directionality to the auxin flow along the lower andstrated that PIN genes exhibit functional redundancy
upper flanks of the SAM toward I1, while AUX1 activityduring lateral root development. In contrast, Reinhardt
serves to delimit auxin to the L1 layer.et al. (2003) illustrated that the positioning of a new leaf
Auxin influx and efflux carriers appear to perform dis-primordia (termed the incipient I1 leaf) on the flank of
tinct functions during organogenic programs. Whilethe shoot apical meristem (SAM) was largely dependent
AUX1 appears to facilitate auxin entry into plant cells,on just PIN1, and, to a lesser extent, AUX1 activities.
PIN1 and AUX1 were predominantly expressed in the PIN proteins appear to be required to confer patterning
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information. This is illustrated by the observation that forming primordia, then via the outer epidermal layers
(Figure 1D). Conversely, the induction of new leaf primor-the aux1 mutant’s lateral defect can be rescued by addi-
tion of a membrane-permeable auxin (Marchant et al., dia is associated with auxin being mobilized in a “reverse
fountain” through the L1 layer to the point where both2002), yet this is not the case for the lateral root pheno-
type for pin mutant combinations such as pin1 pin3 pin4, streams meet, and then the signal is internalized via
newly specified vascular strands (Figure 1E). Given thewhich fail to develop an organized lateral root primor-
dium, resulting in a mass of disorganized dividing root new insight into its role during the induction of plant
organogenesis, auxin transport really does appear tocells (Benkova´ et al., 2003). Auxin, therefore, appears
able to impart instructive information to regulate plant- underpin the fountain of life.
patterning processes via the efflux carrier.
But how does the efflux carrier aid auxin to impart Ranjan Swarup and Malcolm Bennett
instructive information during pattern formation? Rein- Plant Science Division
hardt et al. (2003) presented compelling evidence that School of Biosciences
PIN1 gene expression is itself regulated by auxin, di- University of Nottingham
rectly or indirectly, which is crucial for determining the Sutton Bonington Campus
position of new leaf primordium (termed phyllotaxis). Loughborough LE12 5RD
For example, the lack of a phyllotactic pattern of expres- United Kingdom
sion for PIN1 mRNA in the pin1 mutant shows that PIN1
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auxin from adjacent SAM cells). Friml, J. (2003). Curr. Opin. Plant Biol. 6, 7–12.
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N., Graham, N., Allen, T., Martucci, T., Yemm, A., et al. (2001). J.hardt et al., 2003) illustrate that embryonic and postem-
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Marchant, A., Bhalerao, R., Casimiro, I., Eklof, J., Casero, P.J., Ben-accumulation of auxin from polarized cells to create a
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